Vrbrio parahaemolyticus is one of the most important enteropathogens in Taiwan, Japan, and other coastal regions. The pathogenesis of V. parahaemolyticus disease is not clearly understood. The expression of some factors by V. parahaemolyticus in iron-rich and iron-limited media was analyzed. In the clinical hemolytic strains, the production of a siderophore, two outer membrane proteins (77 and 80 kDa), and thermostable direct hemolysin was significantly enhanced in iron-limited culture, and hemolytic activities, cell hydrophobicity, HEp-2 cell adherence, and lethality for mice were also enhanced. The environmental nonhemolytic strain CCRC12958 that was cultured in iron-limited medium exhibited lethal activity for mice, and other factors except hemolysis were also enhanced like the responses of clinical strains were. These results suggested that a virulent factor(s) of V. parahaemolyticus may be induced or enhanced under iron-limited conditions. The iron-regulated factors reported in this paper may be important in the pathogenesis of V. parahaemolyticus disease.
Kanagawa-positive strains of V. parahaemolyticus produced a thermostable direct hemolysin (TDH). This hemolysin and other related hemolysins were purified and characterized (9, 11, 12, 26, 34) . A lethal toxin(s) (14, 28) and a vascular permeability factor(s) (13) were also identified in V. parahaemolyticus. Besides TDH, other factors have not been clearly characterized, and their role in the pathogenesis of this bacterium is still not clear.
Iron plays important role in the pathogenesis of Vibrico cholerae and some other enteropathogenic bacteria (1, 5, 30, 33) . When V. cholerae was cultured in iron-limited medium, it secreted a siderophore, vibriobactin, and produced special outer membrane proteins (OMPs) (30) . A V. cholerae strain, MBG40, which carried a TnphoA insertion mutation in the iron-regulated gene (irgA) and lost a major iron-regulated OMP (77 kDa) showed a reduction of virulence in an animal model (8) . Synthesis of hemolysin in both El Tor and non-O1 strains of V. cholerae was enhanced by the limitation of iron in the culture (31) . However, regulatory roles of iron in the pathogenesis of V. parahaemolyticus disease have not been clarified. In the present study, we studied the effects of iron limitation on the production of a siderophore, OMPs, and hemolysin; cell adherence; hydrophobicity; and lethality for mice of V parahaemolyticus. The results showed that iron may also play important role in the pathogenesis of this microorganism, as is the case for V. cholerae and other enteropathogenic bacteria.
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MATERIALS AND METHODS
Bacterial strains and culture conditions. Four V. parahaemolyticus strains were used in this study ( Table 1 ). All of these strains produced a siderophore in iron-limited medium. These cultures were stored at -70°C in culture broth containing 20% glycerol. Bacteria were cultured in natural iron-rich complex medium that contained 1% peptone (Difco Laboratories, Detroit, Mich.), 3% NaCl, 0.5% Na2HPO4, and 0.5% glucose (10) . Iron-limited medium was prepared by adding 150 ,uM of 2,2'-dipyridyl (Sigma Co., St. Louis, Mo.) to the natural medium.
The inoculum was prepared by culturing the bacteria in synthetic basal medium (2) and transferred twice in synthetic basal medium to deplete the iron residues (30) . All of the cultures were grown at 37°C with shaking at 160 rpm.
Bacterial growth was monitored by measuring the A600 or by plate counting.
In a preliminary experiment, all of the V. parahaemolyticus strains tested grew better in iron-rich media than in iron-limited media. The Kanagawa-positive strains showed optimum hemolytic activity at the late exponential phase (4 to 6 h) regardless of the iron content of the growth medium. The bacterial cells and the culture supernatants at the late exponential phase were collected and analyzed.
Detection of siderophores. The methods of Schwyn and Neilands (29) were used for detection of siderophores. The production of siderophore was assayed and measured by the chrome azurol S agar plate method and the chrome azurol S solution method, respectively (29) . The amount of siderophore produced per bacterial cell was calculated by dividing the concentration of siderophore by the cell density.
Preparation of crude extracellular proteins. Crude extracellular proteins in the culture supernatant were collected by ammonium sulfate (56.1 g/100 ml) precipitation, dissolved in a small amount of 0.01 M sodium phosphate buffer (pH 7.0), and dialyzed overnight against the same buffer. Preparation of OMPs. OMPs were prepared by a modification of the method of Koga and Kawata (21) . Bacterial cells were harvested by centrifugation at 3,000 x g for 15 min and washed with 0.8 M sucrose in 50 mM Tris-HCI buffer (pH 8.0). Spheroplasts were prepared by suspending the cells in the same buffer containing 0.6 M sucrose, 100 jig of lysozyme per ml, and 2.5 mM EDTA (SF medium) and incubated at 37°C for 30 min. The spheroplasts were pelleted by centrifugation at 8,000 x g for 15 min. The supernatant that contained large amounts of blebs released from spheroplasts was pelleted by centrifugation at 30,000 x g for 30 min. The pellet was treated with 1.5% Sarkosyl at room temperature for 20 min, and the suspension was centrifuged at 30,000 x g for 30 min to obtain a pellet of crude preparation of outer membrane.
Protein analysis. The protein concentration was determined with the Coomassie blue dye-binding protein assay kit (Bio-Rad Laboratories, Richmond, Calif.).
Protein samples were solubilized in cracking buffer by heating at 100°C for 5 min and subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) by the method of Laemmli (23) . Protein bands were visualized by Coomassie blue staining. The TDH protein on the gel was identified by immunoblotting (7) . The TDH antibodies used in this study were prepared according to the method of Honda et al. (10) .
Determination of hemolytic activity. Twofold serial dilutions (100 ,ul) of 0.5 mg of crude protein sample with and without heat pretreatment (100°C for 10 min) were prepared in 0.01 M phosphate buffer. An equal volume of 2% defibrinated human erythrocytes suspended in 0.01 M phosphatebuffered saline (PBS) was added to each dilution. These reaction mixtures were incubated at 37°C for 2 h and then kept at 4°C overnight. The reaction mixtures were centrifuged at 1,800 x g for 3 min, and the supernatants were transferred to a flat-bottom 96-well microplate. TheA540was determined with an Emax microplate reader (Molecular Devices, Menlo Park, Calif.). One hemolytic unit was defined as the smallest dose of supematant that caused 50% hemolysis of erythrocytes. Complete hemolysis was achieved by suspending the same volume of erythrocytes in 0.1% Na2CO3 (27) .
Determination of hydrophobicity. The hydrophobicity of the phosphate buffer-washed bacterial cells was determined by the xylene method as described by Dickson and Koohmaraie (6) . One milliliter of xylene was added to 4 ml of bacterial suspension and incubated at 37°C for 10 min. The cell suspension was then mixed with a vortex mixer for 15 s and incubated for another 30 min. The bacterial density of the aqueous layer before and after the xylene treatment was measured by determining the A60. Hydrophobicity was measured as the ratio of the bacterial density of the aqueous layer after the xylene treatment to that before the treatment.
Determination of cell adherence. Adherence of the bacteria on HEp-2 cells was determined by the method of Cravioto et al. (4) . Two milliliters of HEp-2 cell suspension at a concentration of 2.5 x 105 cells per ml was dispensed into a sterile plastic tissue culture dish (35 by 10 mm) containing one sterile rectangular coverslip and incubated overnight at 37°C. The coverslips were washed three times with PBS and incubated with 1 ml of bacterial culture (8 x 107 CFU/ml) in lx Eagle minimum essential medium (GIBCO BRL, Gaithersburg, Md.) supplemented with 10% fetal bovine serum without antibiotic supplement for 3 h. The coverslips were removed and washed three times with PBS, and the cells were fixed with 70% methanol and stained with 10% Giemsa stain. Bacteria adhering to each of the HEp-2 cells were counted under a light microscope. For determining the adherence of each bacterial strain, the bacterial cells adhering to at least 100 HEp-2 cells were counted and averaged.
Determination of lethality for mice. A 1-ml aliquot of washed living bacterial cells at a concentration of 8 x 107 CFU/ml in 0.01 M PBS (pH 7.0) with or without ferric ammonium citrate (100 ,ug/ml) was injected intraperitoneally into each 18-to 20-g ICR white mouse (20) , and the animals were observed for 49 h. PBS (pH 7.0) with and without ferric ammonium citrate were used as controls.
Statistical analysis. Results were statistically analyzed by Student's t test.
RESULTS
Production of siderophore. Production of a siderophore by all of the V. parahaemolyticus strains was significantly enhanced in iron-limited medium. The concentration of siderophore was doubled in iron-limited cultures compared with that in iron-rich cultures. The production of siderophore per cell in iron-limited cultures was about 6-to 10-fold higher than that in iron-rich cultures ( Table 2) .
Production of OMPs. OMP preparations were analyzed by SDS-10% PAGE. The production of two OMPs (77 and 80 kDa) was significantly enhanced in iron-limited culture compared with that in iron-rich culture of all of the Kanagawapositive and -negative strains (Fig. 1) . In strain ST550 several proteins were enhanced in the iron-rich medium (Fig.  1) .
Hemolysis and the production of TDH. The hemolytic activity of the crude extracellular protein preparations with or without heat pretreatment was assayed. After heat pretreatment, the crude extracellular proteins from the ironlimited cultures of V. parahaemolyticus D14, D88, and ST550 showed significantly higher hemolytic activities than did those from iron-rich cultures ( Table 2) .
Preparations of crude extracellular protein were analyzed by SDS-10% PAGE. The protein profile ( Fig. 2A) showed that the production of a specific protein (22 to 23 kDa) was enhanced in iron-limited cultures, especially in strain D88. This band was identified by immunoblotting to be TDH (Fig.   2B ).
Hydrophobicity. Bacterial cells of all of the V. parahaemolyticus strains collected from the iron-limited cultures were significantly more hydrophobic than those cells from the iron-rich cultures (Table 3) . showed significantly higher HEp-2 adherence than did the iron-rich cultures (Table 3) . In strain ST550, about 140 to 166 bacterial cells adhered to each HEp-2 cell; however, there was no significant difference between results from the two culture conditions.
Lethality for mice. The Kanagawa-positive V. parahaemolyticus ST550 was the most toxic strain. The Kanagawanegative strain CCRC12958 that was cultured in iron-limited medium showed lethal activity for mice and was more toxic than strain D14 in this model (Table 4) . Living bacterial cells from iron-limited cultures of all of the V. parahaemolyticus strains except strain ST550 showed higher lethality for mice than did those from iron-rich cultures. Coinjection with ferric ammonium citrate usually enhanced the virulence (Table 4 (24 kDa) , and soybean trypsin inhibitor (20 kDa); lanes 2 and 3, strain D14; lanes 4 and 5, strain D88; lanes 6 and 7, strain ST550; lanes 8 and 9, strain CCRC12958. Lanes 3, 5, 7 , and 9 were from iron-rich cultures, and lanes 2, 4, 6, and 8 were from iron-limited cultures. Arrow, the 77-to 80-kDa OMPs. b Hydrophobicity was determined by the xylene method. The numbers represent the ratio of bacterial density of the aqueous layer after the xylene treatment to that before the treatment. See Materials and Methods.
c, statistically significant at P < 0.05.
enhanced in iron-limited culture ( Table 2) . We also identified two high-molecular-mass OMPs (77 and 80 kDa) which were induced in iron-limited cultures (Fig. 1 ). These two OMPs were produced by the Kanagawa-positive and the environmental Kanagawa-negative strains of V. parahaemolyticus. The role of the siderophore and these OMPs in the pathogenesis of V. parahaemolyticus disease needed to be clarified.
The adherence of enteropathogenic bacteria to their host plays an important role in their ability to colonize the mucosal epithelial surface. The physicochemical properties (hydrophobic character) of the bacterial surface are also important in host-parasite interactions. Hydrophobic interaction is likely to provide the driving force for host-parasite interaction through the displacement of water and formation of adhesive bonds (22) . Iijima et al. (16) reported that the cell adherence of V. parahaemolyticus is not related to its Kanagawa reaction but depends on the cell viability. They suggested that this pathogen possesses a cytotoxic factor that will degenerate epithelial cells and promote its adherence (16) . McCarter and Silverman (24) showed that iron limitation enhanced the formation of lateral flagella of swarmer cells of V. parahaemolyticus. The lateral flagellum was shown to be an important colonization factor of V. parahaemolyticus (25) . In this report, we showed that hydrophobicity and cell adherence (Table 3) of both Kanagawa-positive and Kanagawa-negative V. parahaemolyticus in iron-limited culture were significantly increased. Thus, the enhancement of cell adherence of V. parahaemolyticus by the iron-limited condition may be due to the formation of lateral flagella (24, 25) , cytotoxic factor (16), or another unknown factor.
The synthesis of hemolysin is regulated by iron in V. cholerae, which allows the organism to use both hemin and hemoglobin as sole sources of iron (31) . We showed that the hemolytic activity of V. parahaemolyticus in iron-limited culture was significantly enhanced ( Table 2 ). This may be due to the increased production of TDH (Fig. 2) or another hemolysin(s). Since the environmental Kanagawa-negative isolate V. parahaemolyticus CCRC12958 also exhibited lethality for mice in iron-limited cultures ( 
